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ABSTRACT 


Title: A Compressor Test Facility 
Authors Lieut. Gustav F., Swulnson Jr., U.S. Navy 
Lieut. Alexander A. Pacis, U.S. Navy 
Mr. Chsrles A. Gern 
Submitted for te degrees of Naval ingineer and Master of 
Science in the Department of Naval Architecture and Narine 


angineerinsg, on 10 May 1951. 


The opergtion of gas turbine units over a long period of 
time had previously been restricted by failure of metuls in 
service. However, with the increasing use of gas turbines on 
land aná sea installaticns, it 1s necessary to know at what 
point the units must be torn down for overhaul, The design of 
turbines ыа combustion chambers are relatively insensitive to 
changes in efficiency due to fouling. The compressor, however, 
is quite sensitive und Small changes in blade shapes effect 
large changes in efficiency. For this reason it is necessary 
to stuay the effect of fouling on compressor blading. This 
fouling can come from several sources -- salt particles in the 
atmosphere over the sea, or dust particles over land. 

in order to study the effect of this fouling on & compressor, 
it was necessary that a compressor test facility be designed 
and built, and this thesis concerned itself with thie project. 

A Westinghouse X».5B jet engine was usec as the machinery 
element cf this test fucility. However, since it was not desired 
to run the пррагаїцв "пої", a chenge in the air flow hed to 
be mado. a power air circuit including, the turbine wnesl 
comprised the driving unit for the «pparatus, and a test air 


Seso 





° circuit including the compressor made up the experimental 
cireuit. 

In order to accomplish tho flow of two circuits through 
the gag turbine, the omnbustion chamber was stripped of all 
its burner clements und η Glaphrupn was inserted trunsvorsly 
inside the chamber. An unnulus wes mounted on one side of the 
diapnrasm to accommodate the flow cf power air and :n exhaust 
duct was tap.ed into the other side of tne diaphregm to receive 

| tne flow from the compressor outlet, 

An oil mist recovery system was designed, built, and in- 
stalied in the upparatus in ordor te prevent the fouling of 

| the wind turnel ducting with exhsust lubricant. 

Measurement of the air flow through the compressor is 
accomplished oy measurinp tho pressure Grop across the inlet 
duct which has been calibruted avainsat a standard orifice. 

fest runs were made with the apparatus ot θροθᾶς up to 
15,000 rom in order to determine any mechanical difficulties 
ang Gata obtained during these runs gave an approximation 
to the compressor cnuracteristic ae at speeds of 15000 


rpm uni below. 
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no of tuae major factora determining tne effective 
operation ol a gas turbine plant із the мове of 
tho components-----turb'ne, compressor, and conbustlon 
^bhaijiber, “ince the net work produce" by such a unit is 
the difference between tho turbine work and the compres- 
sor work, £ .ase componont officliencies nust be kopt as 
silyl ag possiblo. Turbines and combustion chambers of 
relativolv сл efficiency can be dosizneds however, the 
desig of στι]: efficient compressors is a major pro- 
bloi, "ho o iciency of a compressor is affected prsatly 
by gmail Changes in blade form. Since it is important 


ου tia cíficieney of 4 compressor is not impaired dur- 


jo 


и contimone operation, the effect of Pauling on tho 
olading becores a major problem, In actual practice, a 
eas un b'ne akani undor continuous operation may foul 
Gonsideratly due to tr. presence of foreign particles in 
Шиобо0ориеге, This rouling, im e@eileét, will alter tre 
злаго о. the c wumressor blades and tius subsequently re- 
чосе сомогаовог efficiency, їп the extreme case, all the 
DA ne. pete output would zo towa:d driving tho conpoés- 
Sor, lhávins rone ror useiul гос, At sba; thougn the at- 
ово сою 16 relatively free from dust oarticles, the pre- 
gence of molat skit vart’cles constitutes a source of 
Гоміїпе, IS is essential, therefore, vaat the rate and 
mupmitula 0f fouling be as accurately determined as pos- 


Mole, геру in t. case cf shinbourd Installatione, the 








oyerating life of a газ turbine unit, and thus the 
periods between overhauls, will depend largely there- 
upor e j 


^ne specific purpose of this thesis is to design 
and construct 8 suitable compresgor tost stand parti- 
cularly adaptabla to compressor fouling tests. Though 
conduetion of these fowling tests will be the primary 
purpose of tha unit, ¿ne Cons lp хіпі lend itsolf readi- 
ly to other compressor tests of a Giversified nature. 

Somo work hag been accomplished regarding the ‘effect 
of wat compression in compressors, but this has been li- 
mited Largely to centrifugal units. Vater injection haa 
been successfully emploved in a few U.S.A. aviation 
gas turbines jets, but thesa were of the centrifugal 
type. A notable exception is tho French Rateau SRA-101, 
which 18 equipped with a ten stage axiele-flow compressor. 
Under takeoff conditions, with water injection into the 
compressor inist, this unit develops 5820 pounds of 
thrust, an increase of 215 duo to tbe water injoction. 

Hone of the research upon thc effocte of water in- 
jection has touched upon the effect of fouling on core 
pressor porformance, The presence of fouling on m 
vrassor bliadíng has been note] from tests conducted at 
U, 3, Havel Engineering Cxperimental Station, Annapolis, 
Yaryland, but to tnis date steps to ascertain its re- 
sulting effects have not been undertaken. 

During World War II and the years immediately ргесо- 


ding it, the Germans undertook an interasting series of 
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Lasts оп axial-flow compress Ὅδι Tre results were punili sh- 
ed by Dr. no Eckert in Stutt@art in 1926 et the re- 
west of tre Navel Technical Fission in Zurrpo. Those 


vare lator translated oy the Bureau of Aeronautics, havy 


` 


ч 
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Mepartracnt, and them published oy the Burean of Ships. 
The compressur vorformance results wore mucn lewer tran 
those of current Arorican and eltish designa, зГГосіза 
chiefly by excessive stare pressure rises and the ignor- 
ing of vratilal stability. However, tts experimental fech- 
niquas an! theoretical analyses of the Gemnars wore of 
unusual interest. The test rig consisted essentially of 
an open cvels compressor driven by an «lectric motor or 
a dynamoroter, the whole unit beins sup»orted by a float- 
ing cradie. Тп опе test rig, the air flow was controlled 
by a radial throttle at the comrressor outlet, and mo- 
tered by an orifice locate) ahead of the compressor in- 
let. other test rigs placed the metering orifices at the 
compressor outlet and varied the air flow by uging cri- 
fices of different diameters. Provisions were made for 
measurin: too pressure and temperature at each stare. 
In audition, the compressor blades could be rotated to 
give any desired angle of attack. 

Technical Note No, 115 (Natlonul Advisory Comalites 
for Aeronautica) ontitled "Standard *rocodures Гог ating 
апа “estína Mmitistafe Axial-P1ow Compressors" has beon 


R very useful s^urco o^ information fcr this thesis, 








CARTER ΙΙ - GOWERAL DESCRIPTION OF TEST UNIT 

The test stanis described in the previcus chapter 
were all of the oven cycle design. Fer several reasons, 
nowevar, tns test unit Tinaiiy decided upon for this 
thesis wes a closed cycle design. Por compressor foul- 
ing tests the closed cyclo would provide bettor con» 
trol of es pressor iniet conditions------pressure, 
temperature and quantity of fouling material. it was 
decided to drive спе compressor with the original tur- 
bine roter than with an slectric motor, as this would 
eliminate shaft alisnaont dífficultios and most of the 
bearing problems. The turbine would be driven by eir 
from tne wind tunnel, tris, of course, resuiting in a 
reduction from dssipmed turbine power output. with the 
closei cyclo бле tnlet conditions of the compressor 
would oe kopt at a partial vacuum, thus reducing ths 
compressor work and increasing: the maximum obtainable 
3060d of tne teat unit. 

The air flow through the test unit is divided into 
two distinct cyclea----- the power alr oycle and the 
Compressor alr cycle. Ses “igure 1. Tha general ar- 
rangenent of the unit is shown in Pisgure Il. rabri- 
cation of most of the ducting was accomrlished at the 


Boston Naval Shipvard. 
Power Air Cycle 


тһе single stare turbine is driven by air from the 


` 


Supersonic wind tunnel. Tne air flows fron the tunnel 








outlet valve through a system of 12" ducting, a transi- 
tion member narrowing to 8" piping, and thence into the 
duplex chamber., Sufficient Flow area has been provided 
in tho chamber to prevent tho occurrence of high Mach 
Hunber air velocitiss. The air then expands through the 
turbine and exhausts throuch another transition member 
to the wind tunnel inlet valve. The power output of the 
turoine is varied by varying the air flow through the 


wind tunnel system. 
Comvressor Air Cycle 


Tne compressor air cycle is designed as a closed cy- 
cle to operate at pressures somowhat below atmospheric. 
The air flows in a continuous cycle through the comvressor 
inlet duct into the compressor, where it is compressed 
and exhausted into the duplex ghamber. From there it is 
ductod through a system of piping to a gate Valve. The 
latter can be adjusted to vroduco a wide range of air 
mass flow thrcuzh the cycle. The air then passes througa 
a transition flange to & 24" diameter elbow provided with 
air flow straichtenors, whence it continues through a 
set of coolers followed by a wire screen and then ro- 
enters the compressor inlet duct, thus completing the 
cycle, 

A means for exhausting the compressor alr system has 
been provided. û line for this purpose has been installed 
in the transition member following tho gate valve and 
leads to the oxhauster aystem of tho laboratory. Coupled 


sith tne ezhauster svstem is a valve-controllad bloeder 


Ç 





system, bleeding air from tne atmosphore to tine con- 
pressor air cycle. The exhauster із operated at full 
capacity, and control of the air pressure at the cam 
pressor inlet duct is had by regulating the amount of 
air bled from the atmosphare through the bleeder system. 

Tho temperature of the air entering tna compressor 
is controlled by varying the water flow through the 
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ιο purvose ol tre toet run was twofold. The main 
co fect, of course, was to test the functioning of the 
test stan}, ins correct any mechanical troubles that 
rignt besora apparent. This was done by ovorating the 
enrirressar over a wile ranee of speed ani prsy- ura 


conditions, Ὁ tne same timo it vas desired to obtain 


υπο operetins cimracteristies of the comcorestor, 


+3 


he spect of the comprossor Was controlled by 
крл! che sweet of tne wind tunnel compressor, 
тло inlet and outlet wini tunnel vaives were kant wide 
соет ut all times. The compressor speel vas increase 
En increments of σου 1000 гро, with the Toliowing 
testin: vroce iurs used for oach speed: With the 
сонго: or running zt essentially constant sneed, trne 
viv osa Pio and cormressor buck pressure were varied 
By ea justing the pate valve in toe eomprossor air cycle. 
Presrure, beteorature and sveed rendings were token 
wit: the cate vitë fully oven, about Half open, one 
junvter onon, en? until the compressor surge point 

EL rai. Dac. hen his »roco.ure 138 completed, the 
eine) QT th cororossopr W&s 1ncronaed, and tho procedure 
eycla was revento?t. The nrossure in the »lanum chamber 


was m.intuine’ as close to atmospheric oressure as 








' 
possible by controlling the quantity of air passing 
through the exhaustor and oír bleeding Systane Appendix 


D describes in detail the location and type of the 
» весла війт used for the test runs. 








CHI IY ΤΟΣ ITS 
πω a_a l 0 Ы. ЫЫ. а ӘН ж ARE νο. 


Test datá and results Cer the coimoregsor test 
run of 9 May 1761, have een recordet im Tables I and 
ІІ. Compressor characteristics as datermined rrom the 
tost data have beon plotted in Figure IX, ior the range 
or cotipresaor speeds under lot: RP, 

Due to the failure of the thermocouple wiring 
system, the oompressor Inlet tomeraturc was anoroxe 
mete.» fro” the ardlent alr temperature and tho air 
temperature leaving the Compressor air cycle coolers. 


Thig was assuned for all cxlculetions to be 709, 





TABLE I 


COMPRESSOR TEST 


ОА ТЕ 

TEST NO. 

CORR. BAR. PRESSURE 
AMBIENT TEMPERATURE 
WIND TUNNEL COOLER TEMP. 





q MAY (451 


І 
259.0 mo Ha 
83 3 °F 
сьо F 


+16 
645 13 650 





TABLE II 1 








COMPRESSOR CALCULATION SUMMARY 












DATE A MAY ας! 


TEST NO. 
CORR. BAR. PRESSURE 7133.0 Е 
AMBIENT TEMPERATURE = 83 3° F 





WIND TUNNEL COOLER TEMP. сь ° F 
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CHAPTER V  DITOGUG2IZN CE Hu3DLio 


Boing the first experimental run of the conpressor 
test stand, tno test results are more indicative than 
conclusive, and tho accuracy of the data can be questioned 
The main object of the test run war eshieved, since 
many interestin: difficulties wore brought to light. 

The operation of the thermocouples was [er from 
satisfactory. Readings cf the potenticmeter were erratic 
and at no time consistent, This was believed to be due 
to either a short circuit or a faulty connection іп the 
thermocouple wiring systeme For this reason, the 
compressor inlet temperature had to te inferred from 
the ambient air temperature and the alr temrerature 
at the outlet of tiw commressor alr cyele cooler, 

Compressor and turbine vibrationg were considerable, 
particularly at two critical speeds - 250 RPM and GOOC- 
TOCO ЯРУ, At ОБО ВРЮ, the bearing noise was considerable, 
boing unusually loud and nevore. Severe vibration of 
the unit at about GOCO-7000 RPM was attributed to the 
struts supperting tne compressor inlet duct. Tho 
ídintical trouble was recorded in the МАСА logbook for 
this gas turvine unit. xtreme caution had to be 
exorcised nen recording totel pressure readings, as 
the vibrations tended to alter the position of the 


pitot tube in the alr flow, Because of the extreme 





Un 


13 


vibration, it was found almost Impossible to keep the 
compressor at the surge point long enough to obtain 
pressure conditions and speed roadings. It was foared 
that these vibrations might rupture one of the rubber 
dierhresms in the system, 

The maximum speod reached on the test run was 
15000 RP, which is the rate! idling speed of the 
gas turbine unit, Due to the uncertainty concerning the 
strength of the rubber diaphragms and also a shortage 
of testing time, it was decided to limit tne test run 
to values below this speod, 

As a result of this limitation in spood, tho 
compressor characteristic curves plotted in Figure IX 
were limited to a vary small portion of the total operating 
range of the compressor, The general trend of the curves 
were logical and indicated the approximates performance 
characteristics of the compressor, but the absolute 
values of the curves should not be considered as accurate. 

The lubrication system sesmed to function properly, 
and no serious trouble was experienced, The level of 
oil in the sump tank was maintained at a distance of 
about 3/8" from the bottom. 

The test data for all runs below 9000 RPK were 
discnrdsd when a faulty connection in the compressor 


inlet total prossuro tap was discovered, 
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During the test run the comprcasor air cycle 
cooler daveloned a slight leak. A loose connection 
tetwsen the plenum chamber and ths compressor iniet 
dust, probably causal Ὃν the vibration of tha compressor 
inlet duct struts, might have had en effeet on vressure 
readings. 

The one compressor outlet temporature roading 
accurately measured was obtained with a meroury 


thermometer through an access pliug in the duplex chanber. 





CHAPTER УІ CONCLUSIONS 
\ 


Prom the results of the test runs the following 
conclusions may be drawn: 

1. The design and construction of the compressor 
test stand is satisfactory, at present, for 
limites compressor tesis. With the adaption 
of the recomendations stated in Chapter Vil, 
a wider range of compressor tests will be possible. 

> The operating characteristics of the compressor 
were ü.teruined for a very limited range of 
spesi aml nres»ure eonditlons, bolow 15000 RPM, 
Thess results are merely indicative of the 
comprogsor characteristics, and should not be 
considore| as accurate. Further tests should be | 
conducted after design modifications have been 
compietad, 

5. The air mass flow through the compressor inlet 


duct can be measured accurately within 1,12%, 








ОЧАРТЕК УГТ ΠΠΟΟΝΝΌΛΤΊΤΟΝΟ 


ig a resuit of the expsrienoe gained during tho 
test run, the following design madificatlons should 
be wade before further testing of the unit: 

(1) Replace ce Ορδή Li as LR tm 
осе U seal εδ; бура, *' compressor 
bole ect eve Via vlenum chamber with 
Sew. otal diapnrams., With the present 
rubber diapnragins pressure variations at 
the compressor inlet aro extremely 
limite? and must be maintained at 
pressures noar atmospherice 

(2) A thorough check of the turbine and 
compressor bearings should be made before 
opernting at any spead higher than 15000 RPH, 

(3) Replace the comprasscr inlet duct struts 
with struts of a heavier gauge sheet matal, 
or angles. 

(4) A thorough check of A circuit 
snouid be made. The thermocouples were not 
functioning properly, due probably to either 
a short circuit or a loose connection in the 


wiring systeme 











(5) 


e 


(8) 


(9) 


manometers of greater range should bo used 
Tor monitoring of lubricatlion aspirating 

alr and lubrication seal pressurizing line. 
Coolers should ba checked for leaks - there 
apparently was a smell leak in one of tho 
corlera, altrough this may ba of no conse” 
quence, 

A re-ciroulatinse line in the lubrication 
supply line should be installed, since the 
amount of lube oil bumps! through the 

system to the aspirator depends on the 
tonpersture of tne enfíne parta. This 
machine runs at ralatively low températures 
and honce tho lubrication needs &ro less, 

Due to smell inaccuracies in the moasurenonts 
and/or manufacture of the ducting, mall mis- 
alignments should be corracted by lengthening 
or shortoning ducting to fit. 

The operating — PTT of tho compressor 
should be determined moro accurately over 

the entire operating speed rane. This 

was not possible previously due to factors 


discussed itn Chapter V. 
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AYPENDIX À - TURBINE AND COMPRESSOR ARRANGEMENT 


The main component of tro compressor test stand is 
the Westinghouse X9.58 aircrart turbojet which is design- 
od for 2CO pounds o? thrust at military rating ( 26,000 
"ТУ аб static sea level conditions). The engine consists 
of an axial flow compressor of six stages wíth a maxirmz 
3 to 1 pressure ratio at static sea levol conditicns, a 
double annular combustion chamber, and a single stage 
turbine. Ths unit has been modified to acconsnodate the 
power air cyclo nnd the com ressor air cycle by convert- 
ing the combudtion charber into a duplex chamber. The 
two air cycles are separated in the duplex chehber Бу а 
two-nly 1/8" rubber diaphragm socured transversely across 
the chamber. A sectional view of tne Heine and compressor 
units may be seen in Figure ІІІ. “or genoral specirica- 
tions of the unit reference is made ta Westinghouse Elec- 
tric Company Cpecificution No. SAGT-X9.5-2 (Hodel Speci- 
fication X9.5 Turbo- jet EIngine)e 

Tho turbine, com»ressor, and duplex chamber are con- 
Dlately free of rlpid cormsction to the remainder of the 
system-~---acccmplished by use of neavy rubber expansion 
joints. "1th this arrangement transmittal of ducting vi- 
brations to the turbine and compressor will be kept to a 
Mind MiR. 

The Compressor inlet duct, Piguro IV, is secured to 
the olenunm chamber by a 1/8" rubber diaphragm, the latter 


servings as an expansion joint. At its outer periphery, the 


a el — —  — — —  — —  auanuuuuunuuuuumu 
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diaphragm is secure! to the plenum chamber flangé witn a 
steel retainer ring ani bolted Into position. At its in- 
ner periphery the Aare fs mide fast to the compross- 
or inlot duet with 6 retainer ving ani is held 1n posi- 
tim by wodd screws and rubber cemento». Tho compressor 
{inlet cuct, fabricated of white pine, is fitted with an 
aluminum ring designed to fit snugly within the compress~ 
or inlets for rigidity, three sheot metal struts are em- 
ployed. 

To permit measuring of the mass flow to tho compress- 
or, the inlet duct has been calibrate), For detailed re- 


sults reference is made to Appendix Ex 


-— am © ene Se — و‎ - 
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APPRHDIX B = DETAILED ARRANGER OF DUPLEX CLHAKBER 


“he dosien and construction of thé duplex chamber 
was by far the most difficult phase of tha thesis, limit- 
ing dimensions constituting tre most serious problem. 

The basic design requirenent stipulated that tho chanber 
accomodate both the compressor and the power air flows. 
"op a general arransonment of the ohamber reference is 
made to Pirures Y and VI, 

The air from the wind tunnel enters the turbine throush 
the duplex chamber inlet annulus. Tho annulus, construct- 
e` of le-gauge mild steel, of semi-weld construction, is 
designed to provide a uniformly distributed flow of air 
to tho turbine noszles,. Fron the annulus the air enters 
the duplox chambor proper through six 2" by 3" ports lo- 
cated circumferentially around the outer shell of the 
chamber; these vorts are of sufficient area to keep air 
velocities within acceptable Limits-----bolow those corre- 
ponding to a jach Wumber of C.80 « 

Wo weidinr opoerati^us were attempted on the shell of 
the chanoer, this to prevent any risalignnent of parts 
duo to neat distortion. For this reason bolts are used for 
tie secrring of all narts. Tie iniet annulus is bolted to 
the outer shell of the chamber oy means of two mild stvel 
flanges. Pubbor caskets aro ertploye. to reduce air lonks 
бо а AREN Me 

The compressor alr outlet frm the dunlex chamber, of 


sy “ 


10-σασο mild steel construction ani 5 5/8" in diameter, 
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is bolte: to the top of the cnambemr, 

The rubber diaphragm separating tre two air flows is 
поја in nosition by two sets of retainer rings, Ine sot 
1% secure? to the Inside wall of tho outer shell of the 
chember, and the other set i8 secured to the outer wall 
of the inner shell. One ring in oach set Js flanged and 
bolted to the chamber shells. The diaphragm is then posi- 


tioned and bolted іп place petween the two rings, 
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APPENDIX оо 2. О ТАХЬЗ ОР THE LUBRICATION SYSTEM 


Under normal operation, when the ongine operates as 
a jet engine, tho excess lubricant (oll mist) is allowed 
to entor the air stream and pass out of the engine with 
the exhaust gases of combustion. 

hen operating as a compressor test facility it will 
be important that no oil be permitted to enter the wind 
tunnel systom to create serious fouling conditions. Ac- 
cordingly, it was necosgary to altor the lubrication 
system somewhat to moet tnis requirement, 

under normal operation ( as a jet engine) , the lu- 
bricant exbausts into the air system in two locations: 

(1) immediately forward of the compressor outlet 

(2) between tne turbine nozzles ami turbine rotor 
The »orevention oi? cll leakage beroni the turbine has bsen 
accomplished in the following manner: A drain line has been 
installed leading frc e point inside the inner sheii of 
the duplex тж throuzh а Former fuel oil connection, 
and out to an oil trap ола vacuum air pump. Thus, the 
irainage system bag been зо designed that а pressure difri- 
rentlal exists betwoen all parte of tne unit anc the drain 
line. To assist in the prevention of o11 leakage between 
the turbine nozzles aná blades (item 2, above) compresse. 
аїр has been led to a bronze prossurtizai 51l seal ping 


installed between the turbine bearing and turbine rotor 
as shown in Figure VII. The pressure ргеліепё set up is, 


esain, in the direction of the drain line. Thos, 211 ofl 





+ 


{= • 


mist flow is іа the iirection ої tne drainare system. 
То іпедоз ;ΡΟΌΘΣ lubrication of the turbine bearing 
the lubrication line has beon altmred to run tc a υπ πο 
aft of the bearing instead of before it as waa the cese 
originally. This normits »il flow in the direction of 
опо vressure gradient montiloned above. 
instailation of tns beonze sealirg ring mado necos- 


вагу tho movement or tne улогаосойрів Гор ths turbine 


Deering t2 a weint uheall of tho bearing instead of after 
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> e т ? 4 ^^ - T % А ‹ > > 
APPEMDIX D  INSPTRUVENDACIOR O Tih TEST UNI 


The instrumentation is designed to measure: the 
pressure and temperature contitions at the inlet and 
outlet of the compressor; the inlet stapnation pressure 
and pressures drop across the compressor inlet duct, 
which nae been calibrate! as a fluid Flow meter; the 
temperaturas al tus three turbine and compressor 
bearings; and the speed of the compressor. Figure X 
shows the general arrenrement of the instrumentation 


Svatem, 
Pressure 


The static prussuro at the iniet of tho oonprescor 
inlet duqt is measurad by a mereury vacuum manometer. 
The 1/2" pressure tap is locate. in tho olenum oluunbom 
three inches from tho compressor inlet duct. The 
pressure drop ucross the compressor inlet duct is 
monsured on a water nanomotor. The other leg of the 
water manometer is connected to the statis pressure side 
of a combination static-total pressure nitot tube located 
in the compressor inlet, The total pressure as measurad 


by this pitot tube {5 indicated on s mercury manometer, 








Another combination atatic-total pressure vitot ture 

is locates in the compressor outlet. A mercury manonetor 
measures tho total pressure, while a wator manometer 

ig used to measure the pressure difference between the 
atatic and totel vressure taps. All manometers are 


calibrate? in millimeters, 


Temperature 

Tron-censtanten 20 frugo wire thermocouvles are 
usad to determino temperature conditions іп the system, 
Á 0008 ani Horthrup double-ranre potentiometer 
indicator measuresthe thermocounls electromotive forces. 
Tune thermocouple wiros are comnmected at the tonperature 
reference point, an ice beth contained in а бпегтоз 
bottle, to copper load wires from a 14151516 switch, 
A total of five thermocouples are used, Tivo thermocouples 
measure the stagnation temperatures at the conpressor 
inlet ami the comoressor outlet, The otner three 
thermocourles measure the lubricating oll tenpernatuos 
at euch of the throes shaft bearings. The following 
color code маз изза for ilmtification purposes < 
white or yellow indicating iron, sni green or blue 


indicating constantane 





e 
509600 


A tachometer connected to the main shaft through 
a bevel goar and operating at a speod ratic of G.050 


4 


to 1 indicates the spesd of the sommressor rotor. 
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A TDN E САГІЗНАТІОГ ΟΡ ΘΠ ΘΙ INLET рост 
AE A EE a u om mam Q a s “s کھت‎ 





Зопега) Aypanpement 


To provído a moans of determining tho sir mass flow 
through the compressor, the sanpresscr inliet m— wa S 
calibrate: as a flew meter with 9 standard ASME orifice 
piate, The arrangement of the tost stand was modified 
for calibration purposes asa shown in Figure VIII. A 
general view of the calibration layout is also shown 
ih plate D , 

The principal alteration was thet of combinine the 
two cloged air cycles to form a single Plow of alr from 
the wind tunnel through the system, For tne calibration 


run the turbine ami compressor rotors were removed, to 


eliminate any vossible lubrication problems. The rubber Я 


diaphragm separating the two air cycles in ihe duplex 
chamber was removei, and all other outlets from the 
chamber were blanked off. The orifice used to calibrate 
tho couworessor inlet duct was a 2.25" standard acts 
sauaro өйдә orifices plate, with fiange taps. To insure 

a s100th velocity wrofille of the alr apnroaching the 
standard orifice, struiehtening tubes and a straicgntaning 
screen wero placed in the air ducting eignt diameters 

in front of the orifice, as specified by AS“ instruc- 
tions, The standard orifice was positioned betweon 


two leneths of streight smooth ducting----@.6 diamsters 





General View 


howing Calibration 


jet-ur 





Y 
M 
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in front cf tho orifice and 3,4 dlaneters benind the 
orifice. A wire screen strnightener wat places in 

the plenum chamber to smooth out tho air flow entering 
the compressor iniet duct. Ths water cooler air tubes 
in front of the acresn also served to oliminate turb- 


wience in the atr flow. 
Instrumentation 


The primary measuremonts desired for the calibration 
were; 

(1) She differential pressure across the orifice 
and across the compressor iniet duct, 

(2) The static air Pressure at the inlet of the 
staniar! orifice and at the inlot of the 
compressor inlet ducte 

(3) The average air tomperature across the 
standard orifice and the compressor inlet 
Quct, 

Pressuro conditions on both sidos of the standard 
orifice wore measure? from two flange taps, located one 
inch from each face of the orifice. A mercury manometer, 
calibrated in millimeters of mercury, measured the static 


pressure at the inlet of tho orifice. The differential 








DPOSIUIS anross tas orióias was measured on a water 
manometer, Calibrated in millimeters of wator. 

"ιο ου δη vir vrassure entering the compresror 
Act USt αἱ ποηαπιθο.: from ёле и" рр еіс pressure 
cm, losatoi in Le pionun sRambar, three imches rom 
She’ ccrupegseor inlet місь. N 
солюіпебіо» Btätie-total pressure pitot tubé locate 
in the comprescor inboks was used in conjunction with 
onum chamber or.asuUr® van tt wh@asure theo differ- 
entis! prosture existing across the compressor inlut dust.. 
Tie static alr pressure waa measureé in miliimeters of 
ar curry; che cirrervsntini prossure En ured In millimeters 


of water. Calibration tasts were sun with two sizes of 


re 


)ítot tubes, with excellent correlation of results. 
Termernture measuzerents ware trken at the outlet cf 
Ew EIR ARR tunnel ccolur. Since the temper ature 
θεος between the 2250leh tb'"5eor&ture à&n3 the ¿ímbient 
room temverature was e:vrerely sllent, this tesmeraturo 


WAS 


ім» 


ufiioiantlr aceurate гог ealloration purposes. 


* 


(5 


са ћуп: ор Рирсоцїіига 


Presureatory to the astunl eaaibration run a 75 me He. 
молча мй іноробгод or "по srstem to test for air 


Ледин ле, Бог і1сазаго hal reen өті inated th& wind 


- 


Кило] остао γη νο WAS Tee mn”? Cie Call ation 








run was stsptej, To vrovent sxcessivo pressure on the 
Pubber Jinphragm vetwecn the conmprcsaor inlet duct and 
the ~lenum chamber, the pressure in the plenun chamber 
was kept within 50 mem. lig. of the atmossheric pressure. 
the air lov throuch the unit waa changed by small 
intervals, uni pressure reaiings taken alter the flow 
hai stabiliged. This procedure was Paopeated over a 
wlie ranze of nir flows, Liwitei only by the range 

or the standard’ orifice dit ferantlal pressure manometer, 
A total of four runs was mais. The calibration test 
date and test rosults appear in Tables III anid IV. 


Tne method uss. in calculating these results is 


Decosente&^ in "роепфім F, 


Plotting of Resulte 


Instend oi the usual plot of nozzle coefricient 
Versus Reynolds Number, it was decided to plot the 
era pres: ure across the compressor iniet duct 
Jerous the conpressor flow parameter: ---- 100 w Үт; 

P1 


where T} is the compressor inlet temperature in 03. 


w is the air flow in pounds per second 





Dj is the inlet duct inlet pressure in mm ligas 


Iris was lecomed s more convenient sethoi of plotting for 





use in detoarminino the cororesnsear acharácturistic curves. 


"he co libration curvo is shown in “eure XI, 
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Sources of Error 


One of tho asgumptions made in the calculations of 
the air mass flow was that the flow through the compress- 
or inlet duct was thes seme as that throurvh the staniarad ` 
erifice, 1,8, no air leakase cecurrs? between the orifice 
and the compressor inlet duct. This any leakaco would 
result in an error in determining air masa flow, This | 
error would increase with increase in flow since air 
. leakage inereases vith flow. 

The masa flow calculations also assuned dry air 
flew. Any moisture in the air, resulting perhaps from 
wind tunnel cooler leakage, would affect the value of 
the caleulateä density, However, tho density in the 
expression for the mass flow occurs as the square root, 
which should reiuce this error to a negligible quantity. 

The temperature of the alr leaving the wind 
tunnel cooler was assumed to be the temperature at бле 
orifice ané the compressor inlet duct. This temperature 
should not be In error excesding ŞO R., or less than 1%. 

Pressure readings were correct to the nearest 
millimeter of mercury or water, as the оазе may be, 

This introduces an average error not exceeding C.12%. 

Other errors include inaccuracy In reading charts, 


and slide rule errors, The total probable error is 


tabulated bslow, 









Presaure --p 

М A» 
Temperature 
Jensity 
Primary nlemont diameter 
Expansion fuctor--Y 
2horucl expansion 


Flow coof^iociont--r 


Sun of s$7uares 





Tolerıncs (syuare rost of 


gum of sguaros) 

















Е 
Thus, the totsl srror in calculating the masa flow 
throursh the stander! orifice is losa than including 
i similar errors in dotermining prossure and temperature 
conditions at the compressor inlet duct, the total error 
in calibretion should not oxceed ~ = 1.12% 
Prossure --D 0.15 0.0159 
s Ж νῷ 0.15 0,0165 
Temperature Οὐδ: 0.3504 
Totul sum or squeres 1.2999 
Total error in calibration 1.125 


Limit of Seror 


0,15 
0.15 
2:58 
с, 05 
0.13 
0.50 





Square of Error 


° 
0,0169 
0 0109 


0,8354 
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TABLE III (cont) 
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- ШЕОМАЇ insido diameter of ducting - - - - - 10800" 














Е. – тб агу eio&ent, Standard oriftee = - - - - %,29" 
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viaroter сщ ого, TT = LOSS / (One DEM om OR 









MPSS ted vbaromstric nrossurd = 2С,00 188 = - -775.0 wm MER 






Mfeerential uressure acrogs orifice, as 
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“ensured rron Plange taps, Ap = = = = = ~ = 54.C s. ign 








Static vressure at orifioo inlet as xoasured - (735.06) mm uc 





Averare air tamperatuce at orifice, g------ Domen 





Resume finw coefilolent, К, from “igure $4" - - 0,645 








etntic pracsupo at orifice iniet, ра 










πω λα ο ο ο... 






E = 154) οποια ----- -- ---- O.CCG559 
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Ension 24230, 7, from VWirure 37% = - - = - -= 0.998 








Jansity, dsuumi ng dry air: 





f. = 2.7% (piy/ty) where р) Ф psi 


-3 
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O.05z4(p4Y/71) where pi 


riri а ZA 










f = 9.0524(740 (0.895 )/{521) ------ 0.074 1ba/ft' 







4ir mass flow, W, in nourds per second: 






ws 0.00 да; у чу УР бр 
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viere А- =- throat arsa of orifice in sq. in. 











/ - asıı med to be 0,64 











3 = area multinliar for trernal 











rz З) 


ехолпоїоп, Гтоп Хігиге 5" = 1,0 








У - ебррігіомі ехрагпзазог factor 


I г; 7 рошаав per veubic fmot 

| Ар ~ рощраз mans inch 
т з (0,668)(50.68)(1.0)(С.645) Y Vo zptC,001421) 
ы = (0.5048) Y V2 Ap — (where 4p s mm lO ) 


rst trial for air nasa [iow: 








є с (0.5048 )(C,.099)(".074)(54)2 - - 1.CCl 1hs/se« 


AS 


¿Absolute Viscosity, s,s from "lrure 14" - (3292 Ya 10585 






Reynolds “umber = 48g 
- T До fri Е 
E a6w « 10579 
© ө ИЧ e eub se 
x (2.04) x 103 x W | 


". νο” ------ ed x 188 


MANEL k talte £rof Figure 5347 . - - - - - - - - - (0,854 










> | з ‚ CN Na = - > m 
CCN air riow = (10:994). x (1,001) - - - - - 1,615 les/sec 
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Static pressure at conpresso: inlet duct, p, 
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NES 
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O 


* ССО QR - ово - - - mm Вис 


"poem Y 3 TA 
| but Гіом регата ter 00 Le ; аї compressor 


inlet duct = = o nu - mw ww n mo wm س س‎ 5,14 


A < 
i343 ^ 


Toront!al nressure acrnos comprosser iniet duct- 29 mm 1130 








Re η 


ee "iesures referred to are round in Flow "eayurament , 1540. 
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Gompressor Character 


Jue to tire failure oi tho thermocoup 





le cireuit during 
tne test runs, the temperature at the inlet of the compress- 
or was inferred from tne ambient air pane and the 
temoerature at the compressor air cycle ντε it was as- 
sumed to be 70 OF, 


Tron test run #15, the following data was obtained: 


correcta] barometric pressure 5 2Ό 80 ρα 2 759.0 mm 
ων duct Inlet pH => - - - Bier - = - “15.0 ran 
Nfferential oressure across compressor 


inlet duct, Ap. --------- 216.0 mm HO 









Compressor inlet tótal pressur® - = - - -» = «01,0 ma 
бОобтцеввсог очйбієб total роезвого ----- 72.0 mm 


Sifflorential pressure, static-total com 











pressor outlet pressuros = Д(роо - ро)- 696.0 mm НРО 





Speed ~- = <- < = = = ==- - -—- - - - - - - - - 14,500 ДР 
Praa the above data: і 


iet det inlet pras suro 2 759.0 = 13.0 προ 746.0 MES 


Е Сопогеззог inlet sialic Pressure - pj * 





Ра E » С = 7 b3 ( C ЕС PA ) = = == - = -- <= = - Te USO vor Hg 31 









UST outiét tetel] pressure € Dor 


250,0 + 7.02 з з 5 з з 9 9 س‎ 852.0 mm Ilga 
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m "60 equals MOTE ста «15 





Compressor outlet static pressure = po = 


851,0 - 696(0.07549) = - - - - = - - - - 


Compressor prossure ratio = ро/ру = - - - - - 


Prom Compressor inlet duct calibration curve, 


for Ap з 216,0 m Ноб w TA ` 
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